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We propose a novel design of a true 3D chiral metasurface behaving as a spatial polarization
converter with asymmetric transmission. The metasurface is made of a lattice of metallic
sesquialteral (one and a half pitch) helical particles. Each particle contains six rectangular
bars arranged in a series one above the another creating a spiral. The proposed metasurface
exhibits a dual-band asymmetric transmission accompanied by the effect of a complete po-
larization conversion in the response on the particular distributions of currents induced in
the particle’s bars by an incident wave. Regarding circularly polarized waves the metasurface
demonstrates a strong circular dichroism. A prototype of the metasurface is manufactured for
the microwave experiment by using 3D-printing technique utilizing Cobalt-Chromium alloy,
which exhibits good performances against thermal fatigue and corrosion at high tempera-
tures. Our work paves the way to find an industrial solution on fabricating communication
components with efficient polarization conversion for extreme environments.
PACS numbers: 41.20.Jb, 42.25.Bs, 78.67.Pt
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An optical diode (isolator1,2) is a device transmitting
light in one direction and blocking it in the reverse direc-
tion (i.e., it demonstrates an asymmetric one-way trans-
mission feature). This characteristic appears from the
effect of optical nonreciprocity which is usually related to
the time-reversal symmetry breaking of the light-matter
interaction (the appearance of this effect is covered by
the Lorentz lemma and reciprocity theorem3,4).
Among various types of optical diodes, one well-known
example of the nonreciprocal response is the magneto-
optical (Faraday) effect related to circularly polarized
light propagating in gyrotropic materials.5 The biased
magnetic field breaks the time-reversal symmetry, which
leads to a nonreciprocal response of media. This mech-
anism is accompanied by the effect of circular dichro-
ism related to differential absorption of the left-handed
and right-handed circularly polarized waves. However,
the nonreciprocal response is not restricted to the use of
magnetic field only. Indeed, optical diodes can be con-
structed by utilizing spatial-temporal modulations of re-
fractive indices6 or some nonlinear effects7–9 for which
the reciprocity theorem is violated.
Alternatively, an asymmetric transmission can be re-
alized in chiral artificial structures (metamaterials) even
when they are completely reciprocal. In such structures
the effect of an asymmetric transmission arises from the
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spatial symmetry breaking in the particles forming the
metamaterial.10 It appears due to the specific near-field
distribution and/or coupling between particular modes
induced in chiral particles by an incident wave. From
the viewpoint of group-theoretical description,11,12 if the
four-fold (C4) symmetry of the unit cell is broken, then
the metamaterial demonstrates an asymmetric trans-
mission even for a normally incident linearly polarized
wave.13–15 This phenomenon is similar to the Faraday
effect in magneto-optical materials,16 but with no need
for an external magnetic field.17
Typical 2D chiral planar metamaterials (metasurfaces)
do not change the polarization state of the normally in-
cident wave in the main diffraction order.18,19 Therefore,
in order to obtain an asymmetric transmission in the
subwavelength structure one should construct a quasi-
2D planar chiral metamaterial.20 They are usually made
by using 2D planar technologies arranging metallic pat-
terns on two sides of a dielectric layer to form bilayered
metasurfaces or ordering such layers into a stack in mul-
tilayered configurations. Such structures are widely used
in the microwave spectral range,2,21,22 although similar
designs are also realized for both terahertz and visible
spectral ranges.23,24
However, two limitations are peculiar to chiral meta-
materials based on 2D planar technologies. The first
limitation is related to their electromagnetic properties
considering that a complete asymmetric transmission is a
resonant feature strongly depended on dissipation.25 The
second limitation is that the commercial glass epoxy lam-
inates cannot provide a mechanical support of metallic
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patterns at extremely high temperatures, which restricts
their application area.
Regarding true 3D chiral metamaterials, the particles
forming such structures are quite complicate objects (a
true 3D chiral object is impossible to superimpose onto
its mirror image even if it is lifted from its plane), so their
fabrication poses a significant challenge. Fortunately,
modern innovative technologies give amazing opportuni-
ties for production of true 3D chiral metamaterials,26,27
and complex metamaterial systems with compensated
chirality.28 In particular, 3D-printing techniques allow
producing structures with a complex spatial topology im-
plementing meta-devices with a new functionality.29 It
opens a prospects for rapid prototyping and final pro-
duction of numerous diverse types of devices for the ma-
nipulation of light. Moreover, the selective laser melting
techniques makes it possible to perform 3D-printing di-
rectly in solid metals to realize complex conductive de-
vices able to operate at relatively high temperatures.30
In this Letter, we propose and study a novel design of a
true 3D chiral metasurface, whose prototype is fabricated
by using the direct 3D printing from a metallic alloy. In
the difference from the structure of work,31 we placed
spiral particles with their axes oriented transversely to
metasurface plane. The resulting structure performs a
dual-band asymmetric transmission accompanied by a
complete polarization conversion of the incident linearly
polarized wave. The metasurface demonstrates a broad-
band circular dichroism of circularly polarized waves. In
order to reveal the underlying mechanism of the asym-
metric transmission, we perform calculation of the dis-
tribution of currents induced in particles by the incident
wave. All distinctive features of the proposed metasur-
face are verified in the microwave experiment.
The metasurface under study is made of identical
metallic particles structured in the form of a spiral (he-
lix). The particles are arranged in a periodic array and
buried into a dielectric host. Each spiral particle is
formed by stacking six bars one upon another. The bars
are square in the cross section. The thickness of the bars
is much less than their linear length. The square base of
the resulting spiral particle is comparable to the lattice
constant providing the subwavelength restriction on the
lattice constant holds (L/λ < 0.5, where λ is the wave-
length of the irradiating wave). A sketch of the periodic
cell and all parameters of the metasurface are given in
Fig. 1(a).
The metasurface was fabricated for its characterization
in the microwave spectral range (3− 13 GHz). We have
manufactured a set of chiral particles from a commer-
cially available Cobalt-Chromium alloy (melting point is
1330 ◦C) by utilizing direct 3D-printing in solid metal.
Printed particles appear in a very good condition having
high strength. They do not require any additional me-
chanical or chemical post-processing treatment. To ar-
range the particles into a lattice, an array of rectangular
holes was milled in a custom holder made of a Styrofoam
material (see Figs. 1(b) and 1(c)). The metasurface pro-
totype was constructed of 15× 15 unit cells (so we used
225 chiral particles in total). The spectral characteris-
tics of a single sheet of the metasurface were measured
in an anechoic chamber under normal incidence condi-
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FIG. 1. (a) A sketch of the unit cell, (b) sample, and (c)
single chiral particle of the metasurface under study. The
particle is composed of six rectangular metallic bars, where
h = 2.1 mm and d = 10.1 mm are the bar’s thickness and
length, respectively. All particles are arranged equidistantly
into a lattice with period Lx = Ly = 13.2 mm. The lattice
is fixed in a custom holder having permittivity εs = 1.1 and
thickness hs = 20.0 mm to form a whole metasurface.
tions using broadband horn antennas (see the scheme of
experimental setup presented in Ref. 20).
In order to get deep inside into the physics of process,
we have performed a numerical simulation of the scatter-
ing electromagnetic wave by the metasurface. We use the
custom method based on the derivation of a set of cou-
pled volume integral equations related to the equivalent
electric and magnetic polarization currents induced in the
particles by an incident wave, while the lattice periodic-
ity is accounted by the Floquet boundary conditions.32,33
It is assumed in the method that the particles are made
of dielectric with constitutive parameters satisfying the
conditions |ε|  1 and εµ ' 1. Under such conditions the
material of particles resembles the PEC characteristics in
the model.
From the obtained simulation and measurement data
we have derived the transmission coefficients for both co-
polarized (Txx, Tyy) and cross-polarized (Txy, Tyx) elec-
tromagnetic waves. These coefficients are elements of the
Jones matrix T which relates the polarization states of
the incident waves (in) to the output waves (out) in the
far-field(
Eoutx
Eouty
)
= T
(
Einx
Einy
)
=
(
Txx Txy
Tyx Tyy
)(
Einx
Einy
)
. (1)
The frequency dependencies of the magnitude of these
transmission coefficients (transmittance) are plotted in
Figs. 2(a) and 2(b) for both co-polarized and cross-
polarized waves.
One can conclude that there is a good agreement be-
tween the results of our numerical simulation and exper-
iment, whereas their minor discrepancy can be explained
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FIG. 2. (a) Simulated and (b) measured transmittance of the true 3D metamaterial composed of chiral particles. The structure
is under an illumination of the linearly polarized wave. The directions of the polarization currents flowing along the bars
forming the particle at the resonant frequencies (c) f2 and (d) f3.
by fabrication tolerances. Another reason of deviation
in the results is that the actual structure has a finite
extent whereas the structure considered in the simula-
tion is expanded to infinity. Moreover, according to the
theory predictions, the co-polarized transmission coeffi-
cients have to be coincident (|Txx| = |Tyy|), whereas in
the experiment there is slight difference between them
due to the reasons mentioned above. Nevertheless, the
cross-polarized transmittance of orthogonally polarized
waves appears to be extremely different in the whole fre-
quency band of interest (|Txy| 6= |Tyx|) in both simulation
and experiment. Further we distinguish three resonant
states that appear at the particular frequencies 4.32 GHz,
5.55 GHz, and 11.59 GHz. These resonant frequencies are
denoted in Fig. 2 by symbols f1, f2, and f3, respectively.
The first state at the frequency f1 arises in the simu-
lation as a strong high-Q resonance, where a significant
polarization conversion in the transmitted field occurs.
From the analysis of distribution of currents induced
on the particles by the incident wave, this resonance is
a result of the out-of-phase current oscillations in the
bars forming the spiral (this distribution is not presented
here). Apparently, characteristics of this resonance re-
semble those of a trapped mode,34 which is caused by the
asymmetry in the particle with respect to the direction of
the electric field vector of the incident wave. In the spec-
tra of the metasurface the trapped mode typically man-
ifests itself as a peripheral lowest frequency resonance.35
Nevertheless, this resonance completely diminishes in the
transmitted spectra of the actual structure, so we exclude
this resonance from our further consideration.
The remaining two states in the frequency band of
interest are also recognized from the high level of po-
larization conversion in the transmitted field, although
these resonances are much broader than the first one. At
the frequencies f2 and f3 the cross-polarized coefficients
|Tyx| and |Txy| reach their maximal values, respectively,
whereas the magnitudes of corresponding co-polarized
coefficients |Tyy| and |Txx| are small enough. Therefore,
at these frequencies the given metasurface performs al-
most complete y-to-x and x-to-y conversion, when trans-
mits the linearly polarized incident wave. This effect is
similar to that found in the quasi-2D (bilayered) chiral
metamaterial.22
In order to reveal the essence of these two resonant
states we performed calculation of the distribution of cur-
rents induced on the particle’s bars by the incident wave
(for further reference we have enumerated these bars in
Figs. 2(c) and 2(d) by numbers 1©- 6© in a series from top
to bottom). It turns out that the upper part of the helix
(bars 1©- 3©) is mainly responsible for the resonance f2,
while the resonance f3 occurs on the lower part of the
helix (bars 3©- 6©).
Indeed, at the resonant frequency f2 there is a strong
current flow along the bar 2©, and this flow is directed
orthogonally to the electric field vector of the incident
wave (Fig. 2(c)). Such a current flow excites the cross-
polarized component in the transmitted wave. Moreover,
at the bars 1© and 3© also there are strong current flows,
but they are directed out-of-phase to each other, which
suppresses the co-polarized component of the transmitted
wave. The similar situation is for the resonance at the
frequency f3. Here there is a strong current flow along the
bar 3©, and compensated current flows along bars 4© and
6©, which produces the cross-polarized component and
suppress the co-polarized component in the transmitted
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FIG. 3. Simulated (bright lines) and measured (pale lines)
asymmetric transmission of the linearly x-polarized (blue
lines) and y-polarized (red lines) incident waves.
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FIG. 4. (a) Simulated transmittance of the circularly po-
larized waves, and (b) broadband circular dichroism of the
metasurface.
field, respectively (Fig. 2(d)).
The asymmetric transmission parameters for the lin-
early x-polarized (∆x) and y-polarized (∆y) waves are
defined as the total intensity difference for the waves
propagating through a system in two opposite directions.
These parameters can be alternatively expressed via two
cross-polarized transmission coefficients defined for the
same propagation direction as follow36
∆x = |Txy|2 − |Tyx|2 = −∆y. (2)
These parameters are presented in Fig. 3 as functions
of frequency derived from both simulated and measured
data.
One can see that the given metasurface demonstrates
a dual-band asymmetric transmission feature, where in
the first band (near the frequency f2) it is transmission-
allowed for the x-polarized wave, while in the second
band (near the frequency f3) it is transmission-allowed
for the y-polarized wave. The transmission of waves with
the corresponding orthogonal polarization is forbidden in
these bands. The experimentally measured asymmetric
transmission parameters reach magnitudes of ±0.74 and
∓0.75 at the frequencies f2 and f3, respectively (upper
sign “+” is related to the x-polarized wave, while the
lower sign “−” is related to the y-polarized wave).
Since the metasurface under study is a true 3D chiral
material, it is able to demonstrate the effect of circular
dichroism. Remarkably, the presence of this feature dis-
tinguishes the given metasurface from the quasi-2D chiral
metamaterial considered earlier.22
The representation of the matrix T from the basis of
linearly polarized waves to the basis of circularly polar-
ized waves can be written as follow
T =
(
T++ T+−
T−+ T−−
)
=
1
2
(
Txx + Tyy Txx − Tyy
Txx − Tyy Txx + Tyy
)
+
i
2
(
Txy − Tyx −Txy − Tyx
Txy + Tyx Tyx − Txy
) (3)
where the lower signs “+” and “−” are related to the
right-handed (RCP) and left-handed (LCP) circularly
polarized waves, respectively. In particular, Fig. 4(a)
shows the simulated transmittance of RCP and LCP
waves of the given metasurface. Since the condition
T+− = T−+ holds, there is no asymmetric transmission
for the circularly polarized waves.
The differential transmittance between RCP and LCP
waves defines the circular dichroism which can be ex-
pressed as
CD = |T++|2 − |T−−|2. (4)
Fig. 4(b) confirms the presence of a strong broadband
circular dichroism in the frequency band between the res-
onant frequencies f2 and f3. Its level is about 0.6 for the
metasurface under study.
To conclude, we have proposed a novel design of a true
3D chiral metasurface, whose particles were fabricated
by direct 3D printing directly in metal. The Cobalt-
Chromium alloy, whose melting temperature is high, can
prevent the metasurface structure from being destroyed
at extreme working environment. This is a unique ad-
vantage of the alloy-based metasurface compared to the
chiral components patterned on glass epoxy laminates.
A dual-band asymmetric transmission feature as well as
a strong broadband circular dichroism in the proposed
metasurface have been demonstrated both theoretically
and experimentally. We argue that a complete polariza-
tion conversion can be reached by solving a geometrical
optimization problem for the required frequency band. In
such a way, our work paves the way to find an industri-
ally high-temperature component solution on polariza-
tion conversion an separating communication channels
utilizing features of the linear asymmetric transmission
and strong circular dichroism at microwaves as well as at
higher frequencies.
VVY and VRT acknowledge Jilin University’s hospi-
tality and financial support.
3D-Printed Chiral Metasurface 5
1D. Jalas, A. Petrov, M. Eich, W. Freude, S. Fan, Z. Yu, R. Baets,
M. Popovic´, A. Melloni, J. D. Joannopoulos, et al., Nat. Photon-
ics 7, 579 (2013).
2M. Mutlu, A. E. Akosman, A. E. Serebryannikov, and E. Ozbay,
Phys. Rev. Lett. 108, 213905 (2012).
3L. D. Landau and E. M. Lifshitz, A Course of Theoretical
Physics, Vol. 8 (Pergamon Press, 1960).
4R. J. Potton, Rep. Prog. Phys. 67, 717 (2004).
5A. G. Gurevich, Ferrites at Microwave Frequencies (Heywood,
London, 1963).
6Z. Yu and S. Fan, Nat. Photonics 3, 91 (2009).
7A. E. Miroshnichenko, E. Brasselet, and Y. S. Kivshar, Appl.
Phys. Lett. 96, 063302 (2010).
8V. R. Tuz and S. L. Prosvirnin, J. Opt. Soc. Am. B 28, 1002
(2011).
9S. Lepri and G. Casati, Phys. Rev. Lett. 106, 164101 (2011).
10J. T. Collins, C. Kuppe, D. C. Hooper, C. Sibilia, M. Centini,
and V. K. Valev, Adv. Opt. Mat. 5, 1700182 (2017).
11V. Dmitriev, Metamaterials 5, 14 (2011).
12V. Dmitriev, IEEE Trans. Antennas Propag. 61, 185 (2013).
13C. Huang, Y. Feng, J. Zhao, Z. Wang, and T. Jiang, Phys. Rev.
B 85, 195131 (2012).
14C. Menzel, C. Rockstuhl, and F. Lederer, Phys. Rev. A 82,
053811 (2010).
15N. Teemu, A. Karilainen, and S. Tretyakov, IEEE Trans. An-
tennas Propag. 61, 3102 (2013).
16D. Floess and H. Giessen, Rep. Prog. Phys. 81, 116401 (2018).
17R. Singh, E. Plum, C. Menzel, C. Rockstuhl, A. K. Azad, R. A.
Cheville, F. Lederer, W. Zhang, and N. I. Zheludev, Phys. Rev.
B 80, 153104 (2009).
18S. L. Prosvirnin and N. I. Zheludev, Phys. Rev. E 71, 037603
(2005).
19E. Plum, V. Fedotov, and N. Zheludev, J. Opt. 13, 024006
(2010).
20S. Y. Polevoy, S. L. Prosvirnin, S. I. Tarapov, and V. R. Tuz,
Eur. Phys. J. Appl. Phys. 61, 30501 (2013).
21J. Han, H. Li, Y. Fan, Z. Wei, C. Wu, Y. Cao, X. Yu, F. Li, and
Z. Wang, Appl. Phys. Lett. 98, 151908 (2011).
22J. Shi, X. Liu, S. Yu, T. Lv, Z. Zhu, H. Feng Ma, and T. Jun
Cui, Appl. Phys. Lett. 102, 191905 (2013).
23N. K. Grady, J. E. Heyes, D. R. Chowdhury, Y. Zeng, M. T.
Reiten, A. K. Azad, A. J. Taylor, D. A. R. Dalvit, and H.-T.
Chen, Science 340, 1304 (2013).
24C. Pfeiffer, C. Zhang, V. Ray, L. J. Guo, and A. Grbic, Phys.
Rev. Lett. 113, 023902 (2014).
25A. Kirilenko, S. Steshenko, V. Derkach, S. Prikolotin, D. Kulik,
S. Prosvirnin, and L. Mospan, Radioelectron. Commun. Syst.
60, 193 (2017).
26G. Kenanakis, A. Xomalis, A. Selimis, M. Vamvakaki, M. Farsari,
M. Kafesaki, C. M. Soukoulis, and E. N. Economou, ACS Pho-
tonics 2, 287 (2015).
27S. Wang, G. Wei, X. Wang, Z. Qin, Y. Li, W. Lei, Z. H. Jiang,
L. Kang, and D. H. Werner, Appl. Phys. Lett. 113, 081904
(2018).
28I. V. Semchenko, S. A. Khakhomov, V. S. Asadchy, S. V. Golod,
E. V. Naumova, V. Y. Prinz, A. M. Goncharenko, G. V. Sinitsyn,
A. V. Lyakhnovich, and V. L. Malevich, J. Appl. Phys. 121,
015108 (2017).
29A. Camposeo, L. Persano, M. Farsari, and D. Pisignano, Adv.
Opt. Mat. 0, 1800419 (2018).
30D. Headland, W. Withayachumnankul, M. Webb, H. Ebendorff-
Heidepriem, A. Luiten, and D. Abbott, Opt. Express 24, 17384
(2016).
31V. S. Asadchy, I. A. Faniayeu, Y. Ra’di, S. A. Khakhomov, I. V.
Semchenko, and S. A. Tretyakov, Phys. Rev. X 5, 031005 (2015).
32V. Yachin and K. Yasumoto, J. Opt. Soc. Am. A 24, 3606 (2007).
33V. Yachin and T. Zinenko, in 2017 IEEE First Ukraine Con-
ference on Electrical and Computer Engineering (UKRCON)
(IEEE, 2017) pp. 766–769.
34V. A. Fedotov, M. Rose, S. L. Prosvirnin, N. Papasimakis, and
N. I. Zheludev, Phys. Rev. Lett. 99, 147401 (2007).
35V. R. Tuz, V. V. Khardikov, A. S. Kupriianov, K. L. Domina,
S. Xu, H. Wang, and H.-B. Sun, Opt. Express 26, 2905 (2018).
36C. Menzel, C. Helgert, C. Rockstuhl, E.-B. Kley,
A. Tu¨nnermann, T. Pertsch, and F. Lederer, Phys. Rev.
Lett. 104, 253902 (2010).
